Knowledge of the detailed organization of nucleosomes across genomes and the mechanisms of nucleosome positioning is critical for the understanding of gene regulation and expression. In the present work, the bias of 4-mer frequency in nucleosome and linker sequences of the S. cerevisiae genome was analyzed statistically. A novel position-correlation scoring function algorithm based on the bias of 4-mer frequency in linker sequences was presented to distinguish nucleosome vs linker sequences. Five-fold cross-validation demonstrated that the algorithm achieved a good performance with mean area under the receiver operator characteristics curve of 0.981. Next, the algorithm was used to predict nucleosome occupancy throughout the S. cerevisiae genome and relatively high correlation coefficients with experiment maps of nucleosome positioning were obtained. Besides, the distinct nucleosome depleted regions in the vicinity of regulatory sites were confirmed. The results suggest that intrinsic DNA sequence preferences in linker regions have a significant impact on the nucleosome occupancy.
Introduction
In eukaryotes, the basic building block of a higher-order chromosome structure is the nucleosome, in which~147 base pairs (bp) of negatively charged DNA is tightly wrapped about 1.75 turns around a positively charged histone octamer in a left-handed superhelix. The canonical histone octamer is made up of two copies of each histone (H2A, H2B, H3, H4) and has been highly conserved in organism evolution [1, 2] . Each nucleosome is separated from its neighbor by a linker DNA ranging from 10 bp to 100 bp, which varies considerably from one organism to another and between different tissues [3, 4] . Nucleosome positioning is involved in various biological processes, such as DNA replication, DNA repair, DNA recombination, and disease development [5] . Since the precise positioning of nucleosomes and linker DNAs in the context of the genome affects the accessibility of other binding proteins to DNA, understanding the mechanisms that control their positioning is a crucial step towards dissecting the mechanism of gene expression regulation [6] .
The traditional methods for determining nucleosome position with respect to DNA sequence have the disadvantages of low resolution and time-consuming [7] . In recent years, with the breakthrough in high-throughput techniques such as chromatin immunoprecipitation (CHIP) coupled with microarrays (CHIP-chip), CHIP coupled with sequencing techniques (CHIP-Seq) and parallel sequencing, nucleosome positioning maps in genomes have been obtained with high resolution for S. cerevisiae [8] [9] [10] [11] [12] , Drosophila [13] , Caenorhabditis elegans [14] , and human [15, 16] . High-resolution data of nucleosome positions on genomic DNA provide an unprecedented opportunity for further investigating detailed nucleosome landscape and its relationship with genome-wide gene expression regulation. Owing to the consumption of time and capital of experiment, theoretical models that can accurately predict the locations of nucleosomes along a genome are valuable.
Our understanding of how DNA is packaged in regularly spaced nucleosome arrays still remains unclear. Recent genome-wide studies on nucleosome organization using genetic and computational methods have revealed that nucleosome positioning along the genome is determined by internal and external factors [4, 8, 12] . DNA sequence preferences as internal factors affect nucleosome formation [17] . External factors are also important determinants of nucleosome state in vivo, which include chromatin remodeler, statistical positioning, higher-order chromatin structure, DNA methylation, histone variant, histone post-translational modification and binding of protein factors [16, 18] . Although it has been recognized that sequence signals are associated with nucleosome positioning, to what extent nucleosome arrangement in vivo is determined by them remains an open question. Intrinsic DNA sequence preferences of nucleosome have been shown to be the most important factor over other factors recognized so far [17] . It is likely that DNA sequence dictates the ground state for the ordering of nucleosome positioning, and that external factors are superimposed over this state for the determination of the hierarchy architecture and organization of chromatin in the cell [19] .
DNA sequence is thought to direct nucleosome positioning by two distinct mechanisms: the inhibition of nucleosome formation and the preferential assembly of the nucleosome core particle. As a typical instance, the~10 bp periodicities of WW (W= A or T) and SS (S= G or C) dinucleotide occurrence, which are offset with respect to each other by 5 bp, are associated with the positions of the minor and major grooves facing towards the histone surface. They minimize free energy of DNA helix bending, and hence play a major role in rotational positioning of nucleosome [20, 21] . Other periodicities in nucleosome sequences, such as 3-bp and 120.9 bp periodicity, have also been identified [22, 23] . In addition, the base composition, such as G + C content, in nucleosome sequence is different from that in linker sequence. G + C content correlates positively with intrinsic nucleosome occupancy, whereas A + T content is just the opposite [24] . On the other hand, the latest studies have shown that the contribution of nucleosome inhibiting signals play a dominant role in nucleosome positioning in comparison to nucleosome forming signals [8, 25, 26] . For example, poly(dA:dT) tracts in DNA are well known to disfavor nucleosome formation and can direct assembly of nucleosome depleted regions (NDR), especially in the upstream regions of TATA-less promoter [8, 27] . Nucleosome positioning motif GRAAATTTYC was derived by Shannon N-gram extension in eukaryotic genomes [28, 29] . These sequence dependencies suggest the possibility of predicting nucleosome locations in silica. A few computational models including probabilistic models [9] , support vector machine [26] , N-scores [30] , DNA structural properties [31] , and IDQD model [32, 33] have been proposed to predict in vivo nucleosome positioning on the genome from DNA sequences. In fact, preferences in linker regions have also been observed in previous work [23] . Since previous computational models were trained on nucleosome DNAs and limited success was achieved in the prediction of nucleosome positions, the development of new computational methods based on linker DNAs is desirable.
In this work, we introduced a parameter, M k (i), to characterize the bias of the k-mer frequency at i-th site in DNA sequences by analyzing nucleosome and linker sequence datasets of the S. cerevisiae genome. A novel position-correlation scoring function (PCSF) algorithm was developed to distinguish nucleosome and linker sequences based on the bias of 4-mer frequency in linker sequences. The algorithm has performance with mean area under the receiver operator characteristics (ROC) curve (auROC) of 0.981 for S. cerevisiae. When the algorithm was applied to identify the nucleosome-forming and nucleosome-inhibiting regions in the S. cerevisiae genome, high correlation coefficients of 0.761 and 0.645 were achieved with in vitro and in vivo experimental mapping data by Kaplan et al. [34] respectively. The statistical analysis of predicted nucleosome occupancy confirmed distinct NDR in the vicinity of regulatory sites such as the transcriptional start site (TSS), transcriptional termination site (TTS), and autonomously replicating sequences (ARS) consensus sequence (ACS).
Material and methods

Genomic DNA and nucleosome positioning data
The whole S. cerevisiae genome sequences were downloaded from the 2006 assembly of the Yeast Genome Database (http://www. yeastgenome.org/). The nucleosome positioning information of S. cerevisiae was taken from published experimental data [8, 35] . The experimental maps of nucleosome locations of the S. cerevisiae genome, including nucleosome occupancy data in vitro and in vivo, were obtained from the website of Eran Segal's laboratory (http:// genie.weizmann.ac.il/pubs/nucleosomes08/nucleosomes08_data. html). The experimental data set of human nucleosome occupancy was downloaded from chromosome 21 of resting human CD4 + T cells, and all DNA sequence coordinates are based on hg18 [16] .
Positive and negative dataset construction
The datasets used to construct and evaluate the performance of our algorithm were obtained from published experimental data by Lee et al. [8] . In the work, they assigned a score to each of 1,206,683 DNA fragments by lasso model. The 10,000 fragments of 150-bp having the highest scores were selected as the nucleosome DNAs to construct a positive set, and the 10,000 fragments of 150-bp having the lowest scores were selected as linker DNAs to construct a negative set. For comparison to Peckham's work [26] , the two datasets made up of 500 and 1000 extreme fragments from chromosome 3 [35] were also constructed respectively.
The nucleosome occupancy data in the vicinity of the regulatory sites
The 5015 well-defined transcripts used in this study were taken from the work by Lee et al. [8] . The 1000-bp long regions from −500 bp to +500 bp flanking TSS and TTS were obtained respectively. To examine the nucleosome profile at replication origins, 337 ARS elements were downloaded from the S. cerevisiae Genome Database. A total of 47 ACSs not within 1 kb of a chromosome end were extracted from these 337 ARS to construct the dataset.
Describing the bias of the k-mer frequency at i-th site in DNA sequences
A parameter M k (i) was introduced to recognize conserved sites of a promoter in Escherichia coli by Li et al. [36] . M k (i) is defined as follows:
where the f i (j) is the real count of the j-th element of k-mer at position i along sequences (j = 1~4 k ). In order to manifest the two-fold symmetry of a nucleosome structure, each sequence was added twice, one in its original form the other in its reverse complement form. Thus, the number of sequences N in Eq. 1 should be 20,000. Firstly, nucleosome and linker sequences were aligned according to the central position, respectively. Next, the bias parameter M k (i) at each site from 1 to L in linker and nucleosome datasets was calculated.
Here, L = 151 − k. It is obvious that M k (i) represents the deviation degree of any k-mer frequency from random distribution at the i-th site along sequences. The larger the M k (i) value is, the stronger the sequence bias is at the i-th site. For instance, M 4 (i) indicates the bias of all tetranucleotides at the i-th site. In this study, the M k (i) was calculated for nucleosome and linker sequences respectively (k = 2~6).
Classifier of nucleosome DNA and linker DNA based on PCSF algorithm
For the purpose of predicting nucleosome occupancy, the PCSF algorithm was proposed based on position weight matrices (PWMs) and the bias of the k-mer frequency in DNA sequences. To begin with, the corrected probability of oligonucleotides observed at the i-th position is expressed as follows [36, 37] :
Here s(j) is the pseudocounts at this locus. The N and S is the sum of real counts and pseudocounts in position i, respectively. To make a correction for small dataset and eliminate null values before logconversion, pseudocounts are added in the above formula. As suggested earlier, s j ð Þ = p 0 ffiffiffiffi N p , where p 0 is the expected background probability of each element of sequence length k (p 0 = (1/4) k ).
For efficient computational analysis, the P i (j) must be converted to logarithmic form. After normalization, the matrix element W i (j) of PWMs is defined as:
Combining the bias of the k-mer frequency at the i-th site in DNA sequences, the position-correlation scoring function (PCSF) is defined as:
where M k (i)W i (j) represents the value at position i of an arbitrary sequence, M k (i)maxW i (j) and M k (i)minW i (j) represent the maximum and minimum value at this locus, respectively. The above algorithm PCSF assigns a nucleosome occupancy score to each sequence of length L (L = 151 − k). If the algorithm was trained by nucleosome sequences, the range of S 1 is from 0 to 1. The greater the value of S 1 is, the higher the nucleosome occupancy is. If the algorithm was trained by linker sequences, the S 2 should be given as follows:
Whether the sequence X belongs to positive set or negative set can be decided by the score S 1 or S 2 . When S 1 or S 2 N S 0 , X is classified into the nucleosome DNA, while S 1 or S 2 b S 0 , X is classified into the linker DNA. The threshold S 0 is empirically determined.
Performance evaluation of classifier based on PCSF algorithm
To evaluate the performance of our model, 5-fold cross-validation was employed. In this procedure, the dataset is divided randomly into five subsets. Four subsets are trained, while the remaining one is tested. This train-test procedure is repeated five times using a different holdout set each time.
The performance of the algorithm was measured by five parameters, the sensitivity (Sn), specificity (Sp), positive predictive value (PPV), total accuracy (TA) and Mathew's correlation coefficient (MCC). These evaluation measures are defined as follows [32, 33] :
where TP denotes the number of the correctly recognized nucleosome sequences, TN denotes the number of correctly recognized linker sequences, FP denotes the number of the linker sequences recognized as nucleosome sequences, and FN denotes the number of the nucleosome sequences recognized as linker sequences.
Nucleosome occupancy prediction on genome based on PCSF algorithm
After successful classification for nucleosome and linker DNA sequences based on PCSF algorithm, we next used the PCSF algorithm to predict nucleosome occupancy in the entire S. cerevisiae genome. The genomic DNA was scanned 1-bp stepwise with a 150-bp (~the length of nucleosome DNA) sliding window for a PCSF value S. After that, we smoothed the PCSF profile by a sliding average of a 150-bp window with a 1-bp step. The smoothed value was taken as nucleosome occupancy potential at the central position of the sliding window.
Results and discussion
Bias of the k-mer frequency in linker DNAs over the S. cerevisiae genome
In the past decades, research showed that intrinsic DNA sequence preferences, such as periodic patterns and flexibility of several oligonucleotides in nucleotide sequences, were related to the exact nucleosome positioning along the genome. The preference patterns have been found even in linker regions [23, 25] . However, the effect of sequence preferences in linker regions on nucleosome positioning was not emphasized well. Previous works [24, 38] and our calculations indicated that the frequency distribution of dinucleotides is notably different in nucleosome and linker DNAs and G + C fraction in the linker regions is significantly lower than in the nucleosome regions (see Supplementary Fig. 1 ). Although having been used to predict nucleosome occupancy, dinucleotide analysis may represent an oversimplification of the problem. The geometric parameters of dinucleotides are affected by the flanking bases. For instance, the YR dimer in the context YYRR usually bends into the minor groove, while that in the context RYRY bends into the major groove [39] . CA in the context YCAR bends into the minor groove, while CA in the context RCAY bends into the major groove [40] . Collings et al. [19] found that the amplitudes of tetranucleotide periodicities are higher than that of the corresponding dinucleotide periodicities and a defined subset of tetranucleotides is the most important cause of the dinucleotide periodicities.
The relative frequencies of all dinucleotides and tetranucleotides of the S. cerevisiae were calculated in this work and listed in Supplementary Tables 1, 2 and 3. The eight most frequent dinucleotides are AA, TT, AT, TG, CA, TC, GA, and AG in nucleosome sequences, and TT, AA, AT, TA, TG, CA, GA, and TC in linker sequences. The eight most frequent tetranucleotides are AAGA, TCTT, TTCT, AGAA, TGAA, TTCA, TCAA, and TTGA in nucleosome sequences, and AAAA, TTTT, ATTT, AAAT, ATAT, AATA, TATT, and TATA in linker sequences. The eight most frequent dinucleotides in the nucleosome are basically the same as that in linker sequences, but the eight most frequent tetranucleotides in nucleosome sequences are different from that in linker sequences dramatically. The most frequent tetranucleotides in linker sequences are composed of A and T alone. This phenomenon may be explained by the lower G + C fraction in linker sequences than in nucleosome sequences and poly(dA:dT) tracts directing the assembly of NDR. As a result, tetranucleotides are more suitable to distinguish nucleosome and linker sequences.
Next, the bias M 4 (i) of all tetranucleotides in nucleosome and linker sequences was analyzed systematically in this work (see in Fig. 1 ) between nucleosome and linker regions. In other words, the bias of the 4-mer frequency in linker regions is stronger than in nucleosome regions. This result may be correlated with the abundance of poly(dA:dT) tracts and conserved binding sites of protein factors in linker DNAs. In addition, two sharp peaks of the M 4 (i) profile in the nucleosome and linker regions were evident in the peripheral region of sequences, while a large trough is observed in the central region, suggesting that sequence bias of the 4-mer frequency at the junction of the nucleosome and linker DNAs is stronger than that in center regions of sequences. This phenomenon may be elucidated by the effects of MNase sequence specificity for cleavage of the A:T rich sequence through its exonuclease activity, linker histones preferentially to bind AT-rich fragments in the terminal of the nucleosome and high-order chromatin structure [41, 42] . It is worth noticing that the length of linker DNA from the lasso model of Lee et al. is much greater than the average linker DNA length for S. cerevisiae, under this condition, the values M 4 (i) in the central region represent the bias in linker sequences and the values M 4 (i) in the peripheral region may include the bias in nucleosome sequences besides linker sequences in Fig. 1B . To verify that there are much more bias in linker regions than those in nucleosome regions, we also analyzed the difference of M k (i) (k =2, 3, 5, 6 respectively) between nucleosome and linker regions (see Supplementary Fig. 2 ), getting the similar results.
Discrimination of the nucleosome and linker DNAs in S. cerevisiae genome by PCSF algorithm
Most of previous computational models predicting nucleosome positions in the eukaryotic genome were based on the nucleosomebound datasets. Nevertheless, several previous works that emphasized the characteristics in linker DNAs are also important in predicting nucleosome positioning [30, 43] . Our analysis of sequence bias indicated that sequence signals in linker DNAs may also play an important role in determining the nucleosome placements and can be used to develop novel approach for the prediction of nucleosome positioning. In this paper, instead of extracting information from nucleosome sequences, more attention was paid to the linker sequences. We trained the PCSF algorithm only based on sequence bias M 4 (i) in linker sequences mentioned above. Performance of the model was evaluated with a 5-fold cross-validation, and the quality of the classifier was shown in Table 1 . The model achieved a good performance with an average accuracy of 94.39%, and MCC of 0.89. The area under the receiver operating characteristic curve (auROC) was also calculated. The auROC provides a single measure of overall prediction accuracy. The 0.5 of auROC is corresponding to random guessing and 1 is corresponding to perfect performance. Our PCSF model obtained a mean auROC of 0.981 (SD = 0.001) in the 5-fold cross-validation (see in Fig. 2A) .
For a comparison, we also trained a PCSF model only based on sequence bias M 4 (i) in nucleosome sequences. The results of 5-fold cross-validation were shown in Table 2 . The auROC of the PCSF model training on a nucleosome dataset is 0.819 (SD = 0.003) (see in Fig. 2A) , which is significantly lower than the auROC of 0.981 (SD = 0.001) training on a linker dataset. The results suggest that the performance of the PCSF model trained on linker DNA is better than that of the PCSF model trained on nucleosome sequences.
To further test the performance of our PCSF model, we also applied our model to distinguish nucleosome and linker DNAs using the data that were used by Peckham et al. [26] . The auROC of our model is 0.995 (SD = 0.003) for extreme 500 fragments and 0.957 (SD = 0.004) for extreme 1000 fragments, whereas that of the Peckham model is 0.97 and 0.93, respectively [26] , indicating the higher accuracy of our model (see in Fig. 2B) .
As a comparison to k ≠ 4, M k (i) (k =2, 3, 5, 6) were used to distinguish nucleosome and linker sequences by PCSF algorithm trained on nucleosome sequences (Supplementary Table 4 ) and linker sequences (Supplementary Table 5 ) respectively. The classification results showed that the prediction power is slightly worse than PCSF trained on linker sequences by using M 4 (i), and a statistically significant difference (p b 10 − 3 ) was founded among auROC based on different
This result is consistent with the results of a previous work [19] that tetranucleotides play a more important role than other k-mers in the establishment of nucleosome placement in vitro.
The genome-wide prediction of nucleosome occupancy in S. cerevisiae
It is shown that the PCSF combined with parameter M 4 (i) is a powerful method for discriminating the nucleosomal vs linker DNAs, where we assigned a score for every DNA fragment. This algorithm was further extended to predicting nucleosome formation potential across S. cerevisiae genome-wide. Here, the average nucleosome occupancy of the S. cerevisiae at every base pair was calculated based on sequence information of linker dataset alone. To test whether the profile of nucleosome occupancy predicted by our algorithm throughout the S. cerevisiae genome was in agreement with the experimental maps of nucleosome occupancy, the Pearson's product-moment correlation coefficients between our predicted profile and Kaplan's experimental maps in vitro and in vivo [34] were calculated. Our model has a high correlation coefficient of 0.761 with the in vitro map of 16 chromosomes in the S. cerevisiae genome. The mean correlation coefficients between our predicted map and the in vivo YPD, YPE, and YPG maps are 0.550, 0.645, and 0.568 respectively. The Pearson's product-moment correlation coefficients of chromosome 3 and 6 between our model and Kaplan's experimental mapping data were also shown in Fig. 3 . It is obvious that the mean correlation coefficients in vivo are lower than in vitro. Our results suggest that DNA sequence is the major determinant of nucleosome organization in vitro and has an important influence on the nucleosome organization in vivo, and support the viewpoint that nucleosome organization in vivo is concertedly determined by multifactors including both sequence preferences and protein binding factors and so on.
Next, the prediction power of our algorithm was demonstrated by a comparison of the nucleosome occupancy profile from our algorithm and experimental results in a given genome region. In the recent publication, Kaplan et al. [34] extracted 20,000 bp selected genomic regions from S. cerevisiae and compared the nucleosome occupancy of the in vitro with the in vivo. The predicted nucleosome-formation potential score by our algorithm in this region was compared with Kaplan's nucleosome occupancy map (Fig. 4) . As shown in Fig. 4 , the profile of nucleosome occupancy predicted by PCSF is notably similar with experimental maps of nucleosome organization in vitro and in vivo, thus, our PCSF algorithm combined with intrinsic nucleosome sequence bias can recognize the canonical nucleosome-enriched and nucleosome-depleted regions in the S. cerevisiae genome.
Finally, our algorithm trained on the S. cerevisiae genome was applied to the human genome. A fair correlation between predicted map and experimental data on human chromosome 21 was obtained (data not shown). The prediction based on the S. cerevisiae-trained models can be used in the human genome successfully, suggesting a shared mechanism for sequence-based determination of nucleosome occupancy across organisms.
The distribution of nucleosome occupancy in the vicinity of regulatory sites in S. cerevisiae
Nucleosomes are known to play a key role in biological processes by controlling the accessibility of DNA to cellular machinery and modulating the high-order structure of chromatin. To further illustrate the mechanism how nucleosome arrangement affects the biological process, we analyzed the nucleosome occupancy in the vicinity of regulatory sites in the S. cerevisiae genome. Several recent genome-scale experimental maps and computational works of nucleosome positioning have shown that nucleosomes are less frequent in regions around TSS [8, 11, 30] . In the present work, the 5015 well-defined transcripts were classified into two groups according to transcription level, and the predicted average nucleosome occupancy around TSS was given in Fig. 5A . Consistent with previous findings, a pronounced NDR region was found at~100 bp upstream of the TSS. There is a significant difference in average nucleosome occupancy between different transcriptional levels (p b 0.001). By the contrast of lower transcriptional activity with a levelb 2, a deeper PCSF score valley in a promoter and more elevated PCSF scores in a coding region (Fig. 5A ) corresponding to high transcriptional activity with a level ≥2 were observed. The results are consistent with the experimental conclusion that nucleosome occupancy in promoters is correlated inversely with transcriptional activity, whereas, nucleosome occupancy in the coding region is correlated positively with transcriptional activity [8] . It seems likely that this arrangement of nucleosomes The ROC curves of the PCSF model trained on a linker data set for extreme 500 fragments (olive curve) and extreme 1000 fragments (red curve) using the same data that were used by Peckham et al. [26] . may facilitate association of the transcription machinery and increase the retaining time of the polymerase at each site for attaining better fidelity of transcription. The average nucleosome occupancy neighboring transcriptional termination site (TTS) was examined in the same way and distinct NDR in the intergenic border downstream of TTS and more elevated PCSF scores in the coding region were also evident (Fig. 5B) . We postulated that the NDR near TTS may contribute to the assembly of anti-sense preinitiation complexes, disassembly of polymerase machinery and recycling of RNA polymerase to the promoter by DNA looping [4] . DNA replication is a fundamental process that occurs in all living organisms, starting from the replication origin and proceeding along both directions. Replication origins in yeast were defined as an autonomously replicating sequence (ARS). Each ARS in S. cerevisiae consists of a short essential DNA element, the ARS consensus sequence (ACS), which is a~11 bp T-rich sequence and contains the binding site for the origin recognition complex (ORC). For the well-identified replication origins in S. cerevisiae, the nucleosome occupancy upstream and downstream of ACS was predicted in this section and the average PCSF score as a function of the position relative to the center of ACS was plotted. As shown in Fig. 5C , the center of ACS showed a strong depletion of the nucleosome, flanked by two well-positioned nucleosome peaks on both sides. Early analysis of S. cerevisiae replication origin already confirmed that ACS is located in NDR and the placement of the nucleosome adjacent to ACS is crucial for origin initiation [7, 44, 45] .
Conclusions
In this study, we employed a parameter M 4 (i) to describe the bias of DNA sequences and found that the sequence bias in linker regions is stronger compared with nucleosome regions in the S. cerevisiae genome. Sequence signals in linker DNAs may play an important role in nucleosome positioning, which provided an important clue to prediction of nucleosome occupancy. Next, a novel PCSF combined with sequence bias characteristics in linker sequences was developed to predict nucleosome occupancy. Our algorithm was applied successfully to discriminate nucleosome and linker sequences with the mean auROC of 0.981 in the 5-fold cross-validation. By comparison, we found that the PCSF model slightly outperforms Peckham's method. Furthermore, nucleosome occupancy over the S. cerevisiae genome was calculated by our algorithm and a good correlation was obtained between prediction and experimental maps. We found the clear NDR, which provides a ground to execute functions for the DNA binding factors around the regulatory sites, such as TSS, TTS, and ACS. Although only one parameter M 4 (i) was used to represent the sequence preferences of linker sequences in this work, relatively good prediction results were achieved, Fig. 4 . Predicted nucleosome formation potentials in a selected genomic region using the PCSF algorithm. Shown is the nucleosome occupancy on a selected 20,000 bp genomic region from S. cerevisiae. The top line represents the nucleotide position on the genome. The red graph represents the experimental map in vitro. The olive, cyan, and purple graphs represent in vivo experimental maps for three growth conditions (YPD, galactose, and ethanol), respectively [34] . The pink graph at the last panel depicts the predicted nucleosome distribution by our approach. implying that bias of 4-mer frequency may reflect a basic feature of nucleosome organization.
In summary, our results concluded that (1) intrinsic DNA sequence preferences in linker sequences play an important role in determining the organization of nucleosomes in vivo; (2) the k-mer motifs, especially the tetranucleotides in linker sequences, have a significant impact on the nucleosome occupancy and (3) the previous finding can be confirmed that intrinsic nucleosome occupancy is lower in regulatory regions compared to that in other regions.
